• C. As storage material of the latent heat storage, sodium nitrate with a melting point of 305
INTRODUCTION
Concentrated solar power (CSP) plants use mirrors to focus solar radiation on receivers that convert it into heat. This thermal energy is then used to produce electricity, for example, in an almost conventional steam turbine power block. Parabolic trough power plants using synthetic oil as the heat transfer fluid (HTF) are currently the most frequently applied systems for commercial CSP power generation. To improve their cost-effectiveness, one focus of research is the substitution of synthetic oil by water/steam as the HTF in the solar field, which is the socalled direct steam generation (DSG). The HTF is preheated, evaporated, and superheated directly in the receiver tubes of the parabolic troughs. This concept has been running since the 1990s. It was part of the project Solar Thermal Electricity in the Mediterranean (STEM) [1] [2] [3] .
One major advantage of solar thermal power plants over photovoltaic systems is the possibility for storing the collected solar energy in thermal energy storage. This allows CSP plants to be designed with higher annual capacity factors, to extend electricity production into periods with low solar radiation and after sunset, to produce electricity according to demand, and to support grid reliability. This leads to an increased profitability, as the CSP plant is able to generate electricity when the market demand is at peak and to offer maximum electric power [4] .
In a CSP plant, direct steam generation is not only a challenge for the solar field, but also the storage system needs to be adapted to the two-phase fluid water/steam. For evaporating the water, large amounts of heat have to be provided at a constant temperature level. A storage system using only sensible heat storage is not suited to this purpose. In contrast, latent heat storage can absorb/supply large amounts of heat within a narrow temperature interval. It is based on phase-change materials (PCM) that can undergo phase transitions in the desired temperature range, for example, from solid to liquid state [5] . Therefore, for an efficient storage solution for direct steam generation, a combination of latent and sensible heat storage technologies needs to be applied, presenting a substantial challenge to system operation.
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State of the Art: Thermal Energy Storage in Solar Thermal Power Plants for Direct Steam Generation
An example of a DSG solar power plant including a storage system is the solar power tower PS 10 in Spain. Solar radiation is focused by heliostats on the tower's receiver. The receiver produces saturated steam to run a turbine. Additionally, the saturated steam can be stored in a Ruths storage device [6] .
A Ruths storage device is a vessel that stores water in both the liquid and vapor phases. When charging with saturated steam, pressure increases and with it the boiling point. Therefore, condensate fills the vessel. A Ruths storage device can be filled up to 95% with the liquid phase [7] . Disadvantageous are the limited maximum pressure of about 40 bar and the high specific costs. Higher pressures would require strong walls, which result in high material costs. Another disadvantage is the sliding pressure, increasing when charging and decreasing when discharging [8] .
Therefore, this system is not suitable for the intended application.
New Concept Thermal Energy Storage System for Direct Steam Generation
For the special requirements of CSP plants with direct steam generation, a modular storage system combining sensible and latent heat storage was developed by German Aerospace Center (DLR) in cooperation with Ed. Züblin AG within the project ITES which was partly funded by the German Federal Ministry for the Environment, Nature Conservation and Nuclear Safety [9] . The heat required for evaporating the water is stored in the latent heat storage, while sensible concrete storage units store the thermal energy for preheating and superheating (see Figure 1 ). The concrete units are regenerator-type storage units, which increase their temperature during charging and decrease it during discharging. The latent heat storage units use the heat of fusion of the phase-change storage material and therefore keep an almost constant temperature during charging and discharging. The individual modules are labeled preheater, evaporator, and superheater modules, according to their function during the discharging process.
The current status is shown by a pilot plant with a PCM storage unit and concrete regenerator operated by DLR in Carboneras, Spain. Commissioning was successful and operational reliability has been demonstrated [10] . Parallel to the system demonstration, suitable system models to describe the systems performance were developed. The aim is to predict temperatures, pressures, mass flow rates, capacity, heat losses, and the efficiency in a larger scale system.
In the following, the system models of the different modules are described and validated by experiments. As the overall result, the detailed design of a 1000-MWh th system is proposed.
BOUNDARY CONDITIONS
For the following numerical investigations, system parameters were adapted to a steam cycle operating at 100 bar, corresponding to a saturation temperature of 311
• C. In a first step, sodium nitrate was identified as a suitable phase change material in terms of this temperature range. Sodium nitrate has a melting temperature of 305
• C (see Table 1 ). For charging and discharging the latent heat storage, a driving temperature difference of 10 K was selected. This results in a system pressure of the water/steam cycle of 105.6 bar (315
• C saturation temperature) for charging and 80 bar (295
• C saturation temperature) for discharging. The system parameters for the whole plant are described by Birnbaum et al. [3] using 400
• C/110 bar as inlet parameters for the superheater module during charging and a feed-water temperature (FWT) of 260
• C at full load as the inlet parameter for the preheater module during discharging.
The superheater concrete regenerator cools down the incoming superheated steam when charging. The evaporator PCM module condenses the slightly superheated incoming steam at 105.6 bar and 315
• C, which is 10 K above the PCM's melting temperature. The condensate is then cooled down by the preheater concrete regenerator. For discharging, this process is reversed. The pressure is lowered to 80.0 bar to generate a temperature difference between the PCM storage and the boiling temperature of 10 K. The feed water is preheated in the preheater regenerator, then evaporated in the PCM module, and the generated saturated steam is superheated in the superheater regenerator. 
THERMAL MODELING
An effective transient model with a short calculation time is required in order to allow a fast simulation of the system during a real time period of days or even months. Furthermore, the model must be fully parameterized to allow quick iterative dimensioning of single modules and whole storage systems. Therefore, commercial numerical tools such as computational fluid dynamics (CFD) or the finite-element method (FEM) are inappropriate. For the present work, the modules' models were created in Modelica [11, 12] . As user interface, Dymola is used.
The local heat flow in the concrete and PCM modules is modeled as hollow cylinder elements. The respective partial differential equations, described in the following, are solved by using the central second-order finite-element method. The concrete modules are discretized only in axial and the PCM modules both in axial and radial directions of the hollow cylinder.
To solve the resulting differential algebraic equations (DAEs) the numerical solver ESDIRK 34a [13] is used. This solver is a 4th one-step procedure with variable time steps for stiff systems. The advantage of this method is that the discontinuities occurring e.g. when shifting the storage models from charging to discharging mode are easily solved and the variable time steps allow a quick overall solution.
Modeling of the Concrete Modules
As depicted in Figure 2 , the regenerator is characterized by a tube bank that is surrounded by the storage material. This storage material is a custom-made high-temperature concrete [14] . The average thermophysical properties of the concrete regenerator are specific heat capacity of 955 J/(kg-K) and thermal conductivity of 1.3 W/(m-K). To attain a simplified model, one of the tubes is abstracted with the assumption that all tubes carry the same mass flow rate. The abstracted tube is assumed to be a hollow cylinder, and is then multiplied by the total number of tubes to model the volume of the entire regenerator. Equation (1) is the energy balance of a cylindrical flow element of the tube.
The first left-hand term is the thermal power density of the element, and the second term is the thermal power density change caused by the flow through the element. The right-hand terms are the heat flow densities in axial and radial direction. The fluid flow is assumed to have no heat conduction in the axial and the radial directions. The assumption of constant fluid temperature in radial direction is due to the large ratio of tube length to diameter. The axial heat conduction inside the fluid is neglected because of the fluid velocity and low thermal conductivity. Therefore, Eq. (1) can be reduced to:
Equation (2) is written for an axial element of length x, including the heat flow rate between the fluid and the inner surface of the tube:
The first term on the left side of the equation is the heat flow rate governed by a convective heat transfer between the fluid and the inner surface element of the tube. The convective heat transfer coefficient was determined by a dimensionless average Nusselt correlation for a single-phase fluid flow with the assumption of a constant wall temperature [15] . The second left-hand term is the heat flow rate entering the balance element at the axial coordinate x. The first right-side term is the heat flow rate leaving the balance element and the second term describes the time-dependent enthalpy change inside the balance element. The temperatures without an index for the coordinate are always the mean values from the temperatures at the coordinates x and x + 1. Due to the requirement for a fast numerical solution, an approach to simplify the two-dimensional (2D) transient heat conduction problem inside the hollow cylindrical heat storage mass was sought. Schmidt and Willmott [16] describe a method, originally developed by Hausen [17] , where the heat transfer coefficient between fluid and storage is adapted in order to account for the radial heat conduction inside the hollow cylinder. With this approach, the radial dimension of the hollow cylinder is treated as a lumped system. Heat conduction in axial direction is neglected due to the large ratio of the hollow cylinder length to radius.
In Eq. (4), the first left-side term is the change of lumped capacity of the regenerator, the second term is the regenerator's heat transfer engineering vol. 35 no. 9 2014
heat losses to the environment, and the right-hand-side term is the transferred heat between the HTF and the storage material:
This equation is set up and solved for the several axial elements.
In the present work, the second left-side term, which describes the heat losses at the outer diameter of a cylinder, is replaced by a temperature-dependent function describing the overall heat loss rate. The function was determined in an experiment according to the method of Schack [18] for the overall regenerator, accounting for both radiation and convection:
with the coefficient K L = 9.35 W/K and the exponent m = 0.201. Before adopting Eq. (6) as second term of Eq. (5), the overall heat loss rate is divided by the number of parallel tubes and discrete axial elements. The adapted heat transfer coefficient α H is a combination of the heat transfer coefficient for forced convection inside a tube [15] and the heat conduction inside the storage material,
with for the hollow cylinder (from [13] ):
Equation (3) is coupled with Eq. (5) by the term describing the transferred heat. The described model was validated at a test facility with synthetic oil as the HTF, by matching measured and calculated temperature curves of periodic repetitive cycles [19] . This allowed more accurate measurements than the also available water/steam test facility, as the cycle repetition was continuously and automatically driven. The difference between experimental and calculated results was within the accuracy of the measurements.
Modeling of the PCM Modules
The PCM storage shown in Figure 3 uses a tube bank with thin radial fins (see Figure 4 ) to enhance the heat flow, which is constrained by the poor thermal conductivity of about 0.55 W/(m-K) of the PCM sodium nitrate (NaNO 3 ). To describe the heat flow in the tube, fins, and PCM, a detailed model was developed [20] . The disadvantage of this detailed model is its long calculation time. Therefore, it is only used to determine the thermal conductivity of the simplified system model, which consists of a hollow cylindrical geometry of a model storage material that is composed of steel tubes, aluminium fins and the PCM NaNO 3. The system model of the PCM storage is a hollow cylinder with transient heat conduction in radial and axial direction, which can be described with the following equation: Rotational symmetry is assumed due to the vertical alignment of the tube register. When describing horizontal tubes surrounded by PCM, this assumption will probably not be fully valid, as density differences within the liquid phase of the PCM can lead to convection that enhances melting around the tube and results in an asymmetric melt front [21] . The vertical installation is advantageous for several reasons. Thermal expansion of various components is easier to handle, the condensate produced in the tube during charging can easily drain off, the forced circulation evaporation process is supported by the developing density reduction from the lower to the upper end of the tube, and the two-phase heat transfer mechanisms on the fluid side of this storage are rotationally symmetric. Inside a horizontal tube, an asymmetric channel flow would be expected.
The specific heat capacity of the storage material c s in Eq. (9) is formulated as a temperature-dependent function to represent the enthalpy of fusion. In Modelica, an if-clause is used which defines the assumed values of the specific heat capacity of NaNO 3 as shown in Table 1 and in Figure 5 .
In order to improve the numerical stability the model assumes a temperature range T m from 304.5 to 305.5
• C instead of a constant-temperature melting process. According to the qualitative distributions of the specific heat capacity and of the specific enthalpy of the PCM depicted in Figure 5 , the enthalpy of fusion is described by the following equation:
The thermal conductivity of the model material in the axial direction is that of the PCM. The radial conductivity is determined by a detailed model that accounts for a detailed 2D heat flow in the tube, fins, and PCM. As already described, the detailed model is not suitable for system calculations due to its long calculation times. Therefore, a simulation environment was built to match the detailed model with the system model. In this case, both models are adiabatic and receive periodically repeating boundary conditions, which means a temperature of 315
• C on the inner surface of the tube when charging and 295
• C when discharging. Although the detailed model parameters such as fin properties are set as in the experiment, the radial thermal conductivity of the system model is iteratively adjusted as melting and freezing take the same time in both models (see Figure 6) . At that point, the curves of the transferred heat flow rates are almost identical (see Figure 7) . For the PCM storage in this work, an effective radial thermal conductivity of the model storage material of 13.5 W/(m-K) was determined.
Modeling of the Filmwise Condensation During Charging
When charging the PCM storage, saturated or slightly superheated steam enters the tube register from the top. The experimental setup (see Figure 8 ) uses a condensate drain under the bottom end to separate the liquid from the vapor phase. Assuming continuity, the feed steam is equal to the generated condensate. To model the heat transfer coefficient during charging, a correlation from Numrich and Müller [22] is used. Therefore, local heat transfer coefficients without vapor flow are calculated for the axial segments accounting for the waviness of the condensate film and temperature-dependent physical properties. The model combines laminar and turbulent flow as follows:
With this approach, the maximum transferable heat flow rate is attained. Operating the storage module at maximum power results in high rates at the beginning and quickly decreasing values with continuing discharging. For technical applications, an almost constant process is advantageous. For the case when the storage is not operated at its physical limit, the model calculates the transferred heat from the energy balance. That means that only the enthalpy flow rate entering the module can be transferred. In this case, the entire heat flow rate is evenly distributed along the axial elements. That is why the model is able to describe both maximum and partial load operation.
Modeling of the Evaporation
The module is discharged by forced circulation. Therefore, the system is equipped with a recirculation pump and a steam drum to separate the vapour from the liquid phase (see Figures 1,  3, and 8 ). Its fill level is used to control the inflow of feed water. Forced circulation with upward flow is used to adjust steady state conditions and equal flow conditions in all tubes. Due to the intended low steam quality, effects such as hydraulic shocks or different flow conditions in particular tubes are avoided. To describe the heat transfer, convective flow boiling is assumed. Baehr and Stephan [23] suggest an empirical approach. Bulk boiling (α B ) and a convective flow heat transfer coefficients (α C ) are calculated for the axial elements. According to Chen [24] , suppression (S) and enhancement (F) factors are calculated, whereas the enhancement factor is determined using a Martinelli parameter.
COMPARISON OF EXPERIMENTAL AND SIMULATED RESULTS
A simplified schematic of the experimental setup is shown in Figure 8 . The test facility is supplied with steam and wa- ter by the coal-fired power plant Litoral of the energy supplier ENDESA in Carboneras, Spain. The modules can be supplied with the desired boundary conditions by mixing water and superheated stream. When charging, the set-point system pressure is 105.6 bar, whereas the boiling point is 315
• C, so that the temperature difference between fluid and the melting point of the PCM NaNO 3 is 10 K and allows an adequate heat transfer. In analogy, when discharging, the system pressure is 80.0 bar with a boiling point of 295
• C. The most important PCM storage and concrete regenerator parameters are given in Table 2 . During the experiment, all relevant measurements are recorded in intervals of 60 s. The models use the measured inlet conditions as input boundary conditions.
The accuracy of the measured mass flow rates in the described experiments is better than ±6% of 1 kg/s, which is 0.06 kg/s. However, since the flow control valves of the test facility are not 100% leak-proof when closed, marginal leakage may occur. Therefore, a reliable error analysis for the measured mass flow values was not possible.
Concrete Module
The concrete module as shown in Figures 2 and 8 is charged and discharged with superheated steam (for physical properties as well as the number of finite elements used see Table 2 ). Due to the unsteady-state operation of the test facility, the regenerator cools down overnight, when the facility is shut down. To match the experimental results with the calculation results, the regenerator model's start values for the storage material temperature have to be initialized with the experimental values. Therefore, temperatures measured inside the storage materials with thermocouples are used to interpolate an initial temperature curve as shown in Figure 9 . The increased heat losses at the end walls are accounted for. Starting with these conditions, the results of the matching of experiment and simulation is depicted in Figure 10 PT100 sensors) at the inlet and outlet of the regenerators are called hot end (HE) and cold end (CE). In general, measured and calculated outlet temperatures are almost equal. Major deviations are only visible at the beginning of the cycles. This is due to unconsidered heat losses and the capacities of the fittings and piping of the test facility. During the first 20 min of charging, a constant outlet temperature is measured, which is due to at least partial condensation. When starting the experiment, the piping is cooled down due to the previous standstill period. Once the experimental setup has reached its operating temperature, measured and calculated curves are almost identical. After shifting to the discharging mode, the calculated outlet temperature is clearly higher than that calculated value for about 20 min. This is again caused by ignoring the heat capacities of piping and fittings. The predicted mass flow rate boundary condition is similar to the experimentally determined values (see Figure 10 ). Eventual fluctuations have no influence on the transient model.
PCM Module
The PCM storage shown in Figures 3 and 8 is charged with slightly superheated steam and discharged by generating saturated steam (for physical properties as well as geometric data see Table 2 ). To have defined initial parameters in the experiments, the PCM storage was heated to an almost constant temperature of 295
• C before the cycle was started. The storage material was monitored with several thermocouples distributed over the length and cross section of the storage. The inlet and outlet temperatures of the fluid were monitored by PT100 sensors. The measured data are used as inlet boundary conditions for the simulation. Figure 11 shows the measured and calculated condensate mass flow rates during charging of the PCM storage. Since the maximum feed flow rate is restricted to 0.425 kg/s by specifics of the test facility, the condensate flow rate is limited at the beginning. The PCM module would allow for even higher rates. In the experiment, this maximum flow rate persists for about 10 min, while the calculated value stays at the maximum for more than 20 min. In both cases, a clear reduction of the condensate mass flow rate occurs. Although the simulated curve declines evenly, the measured curve shows first an increasing condensate rate then decreasing. At time 0.5 h a slight increase follows, but finally the condensate rate decreases after about 1 h. This temporary increase is assumed to originate from convective flows inside the liquid phase of the melting PCM, which may lead to significantly improved heat transfer inside the storage. Although the model is not able to describe this phenomenon, the difference of calculated and measured mass flow rate lies predominantly within the accuracy of the measurement equipment. At time 1.8 h, the simulated condensate flow rate breaks in completely. Subsequently, the measured values show a pulsating behavior. This is an indication that either the condensation process changed or the measurement is erroneous. With regard to the integrated enthalpy flows over 2 h, experiment and calculation both provide a transfer of approximately 800 kWh, which is the maximum capacity of the storage. A possible explanation is that condensation occurs in the piping behind the lower end of the PCM-module, due to high heat losses once the storage is completely charged; therefore, a certain condensate mass flow is still measured.
The measured and calculated mass flow rates of generated steam during discharging are displayed in Figure 12 recirculation rate is constant at 0.5 kg/s during the discharging process, limiting the maximum steam mass flow rate at the beginning when the complete feed-water flow is evaporated. After the initial peak, calculated and measured steam mass flow rates decrease continuously due to the increasing thermal resistance of the growing solid salt layer until the storage is fully discharged. With increasing discharging time, the difference between calculated and measured steam mass flow rates increases. While the model predicts that saturated steam with an integrated enthalpy of approximately 750 kWh is produced, the experimental steam release is only about 590 kWh, corresponding to thermal efficiencies of 94% and 74%, respectively. Reasons for this discrepancy are the heat losses occurring in the recirculation piping, the pump, and the steam drum, which were determined to be 25 kW in a separate experiment. After adding this heat loss to the model, the agreement between experiment and simulation is considerably improved. The maximum deviation between simulated and measured mass flow rate, as shown in Figure 12 , is reduced from 0.14 kg/s to 0.06 kg/s, supporting the validity of the presented method to calculate the heat transfer during evaporation. The excessive heat losses obtained at the test facility are caused by its specific design. In a future application, the recirculation apparatus must be integrated into the heat storage's thermal insulation to minimize its heat losses.
DESIGN OF A 1000-MWh T h STORAGE SYSTEM
The previously described models are combined into an overall system as shown in Figure 1 . The aim of this exercise is Heat losses were estimated according to the expected surfaces of the module. The assumed boundary conditions are listed in Table 3 . As depicted in Figure 13 , the mass flow rate of 52.8 kg/s can be maintained over 9.5 h of charging. The charging mass flow rate decreases when the PCM storage is completely liquid. Due to the increasing temperature of the preheater module, which results in an increasing condensate outlet temperature from about 260 to 300
• C (see Figure 14) , the total absorbed power decreases from 118 to 106 MW. After shifting to discharge operation, the mass flow rate of 35.5 kg/s is maintained for 12 h. The transmitted power is almost constant, decreasing slightly from 80 to 75 MW. When the system is totally discharged, the steam flow rate and the heat flow rate both decline to zero. Due to the decreasing temperature of the superheater module during discharging, the outlet temperature of the generated superheated steam decreases from 491 to 439
• C. In total, this storage system is predicted to absorb 1080 MWh and to provide 940 MWh. This is equivalent to an efficiency of 87%. The capacity distribution of individual several modules and their calculated characteristics are given in Table 4 .
Contrary to the experimental procedure with the PCM storage described earlier, the power of the designed storage system is throttled, in order to generate almost constant outlet conditions.
The calculated pressure losses are less than 1 bar for the superheater module. Therefore, acceptable operation would be possible. However, this examination was done for monolithic blocks; a realistic storage system would consist of an arrangement of standard modules that would have to be connected by transfer lines. The resulting layout is unknown at this stage of development. Because of expected variations in cross section and flow direction, considerable pressure losses may occur.
CONCLUSIONS AND OUTLOOK
To describe a coupled modular storage system of PCM and concrete heat storage units, effective models were developed and experimentally validated. For both types of storage, the mass of the storage is approximated by parallel hollow cylinders. For the concrete regenerator, a method was used where the convective heat transfer is adapted to account for the heat conduction inside the storage material, so that the storage mass can radially be treated as a lumped system. In the case of PCM storage, the hollow cylinder is discretized in the radial and the axial directions to find the solution numerically. Single-phase convective heat transfer and two-phase convective heat transfer were described by well-established methods. The functionality of both kinds of thermal storages was experimentally proven. Methods for the thermal description of the concrete regenerator and the PCM storage for direct steam generation were identified and developed. With these models, an iterative dimensioning of single and coupled modules is possible. Heat losses, efficiencies, transmitted power, and system temperatures can be predicted.
In the next stage, the efficiency of the integration of such a system into a real solar thermal power plant has to be demonstrated. Then, detailed engineering of the system, such as the arrangement of the modules and the design of the connectors between the modules, has to be examined. 
NOMENCLATURE
